The structure of the nucleocapsid protein of bunyaviruses has not been defined. Earlier we have shown that Tula hantavirus N protein oligomerization is dependent on the C-terminal domains. Of them, the helix-loophelix motif was found to be an essential structure. Computer modeling predicted that oligomerization occurs via helix protrusions, and the shared hydrophobic space formed by amino acids residues 380-IILLF-384 in the first helix and 413-LI-414 in the second helix is responsible for stabilizing the interaction. The model was validated by two approaches. First, analysis of the oligomerization capacity of the N protein mutants performed with the mammalian two-hybrid system showed that both preservation of the helix structure and formation of the shared hydrophobic space are crucial for the interaction. Second, oligomerization was shown to be a prerequisite for the granular pattern of transiently expressed N protein in transfected cells. N protein trimerization was supported by three-dimensional reconstruction of the N protein by electron microscopy after negative staining. Finally, we discuss how N protein trimerization could occur.
Hantaviruses (genus Hantavirus, family Bunyaviridae) are known as the most widely distributed zoonotic viruses carried by rodents. They are enveloped viruses that contain a tripartite, negative-stranded RNA genome encoding an RNA-dependent RNA polymerase (L), two integral membrane glycoproteins (G1 and G2), and a nucleocapsid (N) protein.
Hantaviruses are prime examples of emerging viruses and important human pathogens (5) . Many rodent species carry hantaviruses which can be transmitted to humans by inhalation of aerosolized excreta.
The N protein is the most abundant viral component in both virions and infected cells (5) and the major antigen in early serological response in humans (32) . It has multiple functions in the viral replication cycle, e.g., during RNA synthesis and virus assembly. Although the three-dimensional structure of the N protein has not been solved yet, several functionally important regions have been defined, e.g., those involved in oligomerization and RNA binding. Most importantly, the N protein (amino acids 175 to 217 in Hantaan virus) (33) associates with viral RNA that is a prerequisite for ribonucleoprotein (RNP) formation (30, 31) . Hantavirus N protein has also been shown to associate with membranes via electrostatic interactions, and the C-terminal 141 amino acids were found to be responsible for the Golgi localization of Black Creek Canal hantavirus N protein in the perinuclear area (25) .
Recent findings suggest that, in infected cells, the N protein interacts with the L protein (13) and with the cytoplasmic tail of G1 glycoprotein (V. Koistinen, personal communication). These interactions are crucial for viral RNA transcription and replication and for virus assembly, respectively. The N protein is also able to serve some "ambassador" functions, interacting with cellular proteins. It interacts with actin filaments, which could transport newly synthesized viral RNPs to the plasma membrane (26) . Recently, Daxx and SUMO-1 pathway components were found to bind to the N protein, but the significance of these interactions remains to be determined (11, 15, 17, 19) .
Our study focused on mapping of the Tula hantavirus N protein domains that participate in homotypic interaction. Previously published data have shown that the N-terminal and C-terminal regions are involved in the hantavirus N protein interaction (1, 9, 10, 34) . The presence of coiled-coil motifs has been demonstrated in the N-terminal region (1, 2) . Our previous data suggested that the C-terminal region is more important for the interaction, at least as seen in the mammalian two-hybrid system (10) . While the deletion of 43 N-terminal amino acids from the N protein in both the DNA-binding and activation domains reduced the interaction slightly, the deletion of the 37 C-terminal residues even from one partner abolished the interaction completely. These data prompted us to focus our studies on the C-terminal region.
We have now combined secondary-structure predictions and computer modeling with mammalian two-hybrid and immunofluorescent assays to define structural requirements for oligomerization of the C-terminal region of Tula virus N protein.
We describe the N protein-N protein interaction involving the helix-loop-helix structure and pinpoint amino acids that are crucial for the interaction. We present a model of how N protein trimerization could occur.
MATERIALS AND METHODS
Secondary-structure predictions. The secondary-structure predictions for the N proteins of Tula virus, Sin Nombre virus, and Hantaan virus was done with JPRED (4) and Predict Protein (27) .
RESULTS
Secondary-structure predictions for the N protein. Secondary-structure predictions for the hantavirus N protein have depicted ␣-helical structures near the N terminus that can form a coiled-coil structure upon oligomerization (1, 2) . Since the hantavirus N protein does not have a homologue of known resolved structure, we first attempted secondary-structure predictions for the C-terminal region. The JPRED and Predict Protein servers were used in the predictions. The C-terminal region was predicted to fold into a helix-loop-helix motif (Fig.  1a) . For Tula virus N protein, helix I seemed to be formed by residues 373 to 387 and helix II by residues 404 to 421, separated by the loop formed by residues 388 to 403. The same overall organization was found in the N protein of the three major groups of hantaviruses (24) that are represented in Fig.  1a by Tula virus, Sin Nombre virus, and Hantaan virus. It was assumed that a similar conformation reflects a similar mode of interaction for the N proteins of different hantaviruses.
To study the C-terminal interaction regions in greater detail, we took advantage of the mammalian two-hybrid system that allows direct evaluation of the interaction capacity of the N protein mutants. First, helix II of the Tula virus N protein, which was predicted with high probability to occur between amino acids 404 and 421, was studied. When the last 25 amino acids were deleted from both interacting partners (constructs DBD-N1-404, where DBD stands for DNA-binding domain, and AD-N1-404, where AD stands for activation domain), the interaction was abolished totally (data not shown). This indicated that the last helices are crucial for the interaction.
Secondary-structure predictions gave conflicting results for a region between amino acids 388 and 394 because both servers gave low probabilities for a helix and a loop. The glycine residue G389 was hypothesized to reside in the loop, providing flexibility for the region, together with another glycine, G399. N protein mutants carrying two single-point mutations, G389P and G399P, were used to evaluate this hypothesis. The change of glycine to proline was thought to introduce inflexibility to the loop and thus hamper the interaction. It was observed in the mammalian two-hybrid assay that while the G399P mutation did not have any effect, the G389P mutation reduced the interaction by half (Fig. 1b) . This could be interpreted to mean that G389 is also located in the loop because, if G389 was in the helix, the introduction of a proline should have disrupted the interaction completely. These data suggested that helix I does not extend further from the tryptophan at position 388 and that G389 contributes to the flexibility of the loop, while G399 does not.
Computer modeling and formation of a shared hydrophobic space between helices. The SMART server (16) was used to search databases for proteins having both a homologous primary sequence and secondary structure partially similar to that of the C-terminal region of the N protein. On manual rechecking of the secondary structures, close similarity was found between residues 388 to 424 in the N protein and 119 to 157 in myosin V motor protein (accession no. 1OE9A) (amino acid similarity, 57%) (Fig. 1c) , residues 378 to 419 in the N protein and 43 to 84 in Cyanobacterium synechococcus cytochrome C6 (accession no. 1C6S) (amino acid similarity, 63%) (Fig. 1c) , and residues 378 to 428 in the N protein and 259 to 311 in Staphylococcus aureus tyrosyl-tRNA synthetase (accession no. AP003363) (amino acid similarity, 45%). The helix-loop-helix motif of the N protein was constructed by combining structural features of these proteins. The side chains of the N protein were added and modeled on the backbone with the MaxSprout program (8) .
Sequence analysis revealed the stretch of highly hydrophobic amino acids 380IILLF384 in helix I (amino acids 373 to 387). The computer model showed that isoleucines 380 and 381 and also phenylalanine 384 are located on the same side of the helix in a way that the aromatic ring of F384 is bent towards the aliphatic chains of I380 and I381, forming a highly hydrophobic region. The localization of this region is optimal to attract helix II of the neighboring molecule (Fig. 2) . The "docking" of the two helices suggested that the leucine at position 413 and the isoleucine at position 414 of helix II could be placed in the hydrophobic space formed by I380, I381, and F384 of helix I. In this conformation, L413 is placed between the isoleucines at positions 380 and 381, while two leucines of helix II, L406 and L409, form hydrophobic contacts with I374 of helix I. This conformation seems to give parallel docking for the two helices, in which the side chains of the hydrophobic amino acids form a shared hydrophobic space, providing stability to the N protein-N protein interaction.
The computer modeling data were first tested with the mammalian two-hybrid assay. The amino acid residues of the hydrophobic stretch (IILL) in helix I were subjected to standard alanine scanning, and the capacity of the mutant N protein for the homotypic interaction was analyzed (Fig. 3a) . When I380 was replaced by alanine, resulting in the sequence AILL, the N protein-N protein interaction was reduced to approximately 60% of that with the nonmutated protein. Changing I381 (IALL) did not have any effect. However, when both isoleucines (I380 and I381) were replaced (AALL), the interaction was abolished totally and was not restored by introducing isoleucines instead of leucines at positions 382 and 383 (AAII). In contrast, the replacement of leucines L382 and L383 with alanines (IIAA) did not inhibit the N protein interaction at all. these data indicate that amino acids with long hydrophobic side chains at positions 380 and 381 are crucial for the interaction. The residue F384 was also found to be crucial for the interaction. Next, the residues forming the hydrophobic core of helix II (L413 and I414) were changed to glutamic acids (the introduced charge was supposed to disrupt the hydrophobic space). The mutation L413E reduced the interaction to approximately 60% of that of the nonmutated protein, while the mutation I414E did not have any effect. The double mutation L413E/ I414E nearly abolished the interaction, confirming the importance of the hydrophobic contacts between the helices (Fig.  3b) . The mammalian two-hybrid data support the computer model showing that the hydrophobic residues of helices I and II can form a shared hydrophobic space.
Searching for cation-interactions. While it seemed logical to assume that hydrophobic interactions could provide stability to protein interaction and folding locally, electrostatic interactions could be responsible for initiating the interaction, i.e., bringing the interaction regions into close proximity. This task could be performed, e.g., by the cation-interactions between the aromatic side chains of tryptophan or phenylalanine with neighboring positively charged arginines and/or lysines (7). Computer modeling suggested tryptophan-388 and phenylalanine-396 as potential residues that might form cation-interactions. This hypothesis was first tested with the mutations W388A and F396A. It was observed that the second mutation did not affect the interaction at all, but mutation W388A abolished the N protein-N protein interaction (Fig. 3c) . In fact, a mutation in either of the partners (DNA-binding domain or activation domain) abolished the interaction.
Next, we searched for a potential partner for W388. Since R367, R368, R379, and R407 were the most probable candidates, these residues were mutated to alanine, and the interaction capacity of the mutant N proteins was tested. Surprisingly, none of these N protein mutants showed decreased interaction (Fig. 3c) , suggesting either that these residues are not involved at all or that the cation-interaction between them and W388 or F396 is not crucial for the N protein interactions observed in our two-hybrid system.
Localization of the N protein mutants in transfected cells. In infected cells, the hantavirus N protein has been shown to localize to the perinuclear region in the cytoplasm that may be the site of viral RNA replication (13, 25) . To study the intracellular localization of the N protein mutants, the constructs were expressed in COS7 cells and the N protein was visualized by immunofluorescence microscopy (Fig. 4) . Intact N protein localized to distinct structures in the perinuclear region (Fig.  4a) , similar to those seen in virus-infected cells (not shown). The mutant with the 25 C-terminal residues truncated, N1-404, was dispersed throughout the cytoplasm (Fig. 4c) . Similarly, mutants with longer truncations (N1-379, N1-392, and N1-398) localized diffusely (data not shown). These data showed that the C-terminal region of the hantavirus N proteins is crucial for perinuclear targeting.
Furthermore, since the full-length N protein interacted in the mammalian two-hybrid assay and truncated N proteins did not, there was a good correlation between the capacity of mutants to interact in the mammalian two-hybrid system and their perinuclear localization. This pattern held up when the N protein point mutants were studied. The mutants that were unable to interact in the two-hybrid system (I380A/I381A and W388A) localized diffusely ( Fig. 4d and e) , while mutants capable of homotypic interaction localized to the perinuclear region ( Fig. 4f to k) . Four mutants (I380A, G389P, L413E and L413E/I414E) showed a mixed pattern and localized both diffusely and in the perinuclear region (Fig. 4l to o) . These mutants showed medium values in the two-hybrid assay ( Fig. 3a  and b) , confirming that undisturbed interaction is required for perinuclear localization.
Model for the N protein trimer. Taken together, in silico and in vitro data led to a model for trimerization of the N protein's C-terminal region. The model shows that when the C termini of the three monomers are brought in close proximity to each other (most probably via interaction of the N-terminal coiled coils; see the Discussion), the steric hindrance in the C-terminal region is relieved when helix II protrudes from the N protein and makes contact with helix I of a neighboring monomer. Particularly, G389 could form a hinge that allows the loop to orient helix II properly. The reduced interaction of mutant G389P in the mammalian two-hybrid system suggests that the proline introduces stiffness into the loop and thereby inhibits the efficient protrusion of helix II from the N protein core that is needed for the interaction. The two helices are placed in such a way that a shared hydrophobic space is formed. The basic feature of the model is that the trimer structure is stabilized by helix exchange in a cyclic manner from one monomer to another (Fig. 5A, top view) . When viewed from the side, the helices form a planar structure (Fig. 5B) . N proteins to oligomerize, both in self-assembly and probably also association with cellular RNAs. This has been probably the main obstacle to crystallization of the N protein.
DISCUSSION
Our study presents a model for hantavirus N protein trimerization that could facilitate further structural studies. Previously, we have shown that the hantavirus N protein forms trimers and to a lesser extent dimers in infected cells (9) . These trimers were thought to serve as intermediates in viral RNP formation. It was noticed that the N protein molecules interacted noncovalently and that divalent cations enhanced the interaction. In the study that followed (10), we used the mammalian two-hybrid assay, peptide scanning, and alanine scanning techniques to study oligomerization in greater detail. Two regions involved in the N protein-N protein interaction were found. The first is located in the N-terminal part of the molecule, within the first 43 amino acid residues. The second region was found within the C terminus of the molecule; the construct containing amino acid residues 1 to 398 was the longest one that still maintained the interaction with the full-length N protein in the mammalian two-hybrid system. Longer truncations, e.g., removal of amino acids 393 to 398 (VNHFHL), totally abolished the interaction. The construct N(1-398) was not able to interact with the C-terminally truncated construct N(1-404) (10) .
These data, together with the data presented in this paper, support a model, in which the interaction between the Cterminal regions of two N protein molecules is based on the helix I-loop-helix II structure that is formed by residues 373 to 387, 388 to 403, and 404 to 421, respectively. The important feature of the model is that the interacting helices I and II belong to two different N protein molecules. The very C-terminal residues of the N protein, 422 to 429, apparently do not contribute to the interaction (or at least to the activity ob- served in the mammalian two-hybrid system). Ultimately, this model can only be verified by crystallization of the N protein or the domain in question. A recent publication on the crystal structure of Borna disease virus nucleoprotein provides a cheerful example. Notably, the structural data suggest that the multimer (tetramer) is the "biologically active entity" of Borna disease virus N protein (28) .
Computer modeling suggests that the interaction occurs between helices I and II in a way that helix II protrudes from one N protein molecule and interacts with helix I of a neighboring molecule. The hydrophobic residues in both helices form a shared hydrophobic space that stabilizes the interaction. The loop region that includes the above-mentioned amino acid residues, 393-VNHFHL-398, does not seem to be directly involved in establishing the connection between the C-terminal regions. Instead, this region can present a steric hindrance to the approaching N protein monomer and thus stimulate the exchange of helices II. However, we were not able to confirm this hypothesis experimentally by mutating histidines 395 and 397 or phenylalanine 396.
In addition to hydrophobic contacts, the possibility that the tryptophan at position 388 participates in the cation-interaction was studied. Although no supportive evidence for this type of interaction was obtained, the W388 mutant was shown to be absolutely crucial for the N protein-N protein interaction in the mammalian two-hybrid system. One can conclude either that the residue alone is crucial or that the mutation disrupts the folding of the C-terminal region and destroys the interaction. Interestingly, W119 of Seoul virus N protein was shown to have a similar effect on N protein interaction in the yeast two-hybrid system (34) . These data suggest that the tryptophan helps to maintain the overall structure of the N protein.
The inability of the N protein mutants to interact in the mammalian two-hybrid system was nicely reflected in their cellular localization; the interacting mutants localized to the perinuclear region, while noninteracting mutants were uniformly distributed throughout the cytoplasm (Fig. 4) . The mutants showing intermediate values in the interaction assay localized both diffusely and perinuclearly. In the case of the L413E/I414E, which showed a more punctate than diffuse staining pattern (Fig. 4o) , it seems that, in this case, the relatively low interaction value (15%) is still sufficient to allow N proteins to accumulate in the perinuclear region. Perinuclear localization of hantavirus N protein has been reported for Black Creek Canal hantavirus, and it was shown that the last 141 residues are sufficient for targeting (25) . It has been suggested that perinuclear membranes (Golgi complex) could be the site of viral RNA replication (13, 25) . Our result showing that the N protein-N protein interaction is required for perinuclear localization is not contrary to this speculation.
Overall model of the hantavirus N protein trimer. Since hydrophobic contacts in the C-terminal region may not necessarily initiate N protein trimerization and since the cationinteraction was not observed, other regions may be involved. Previously published data suggest the N-terminal region as one of the candidates: (i) the N-terminal regions of Tula virus N protein (residues 1 to 43) and Sin Nombre virus N proteins (residues 1 to 39) were shown to participate in the homotypic interaction in the two-hybrid assays (1, 10), (ii) the N-terminal residues of hantavirus N proteins were predicted to form coiled coils (1) , and (iii) oligomerization studies of N protein peptides corresponding to residues 3 to 75 assembled into trimeric coiled coils (2) . Other regions, e.g., the one that includes amino acid residues 100 to 125, may also be essential for the interaction (34) . As soon as the C-terminal regions of three N protein monomers are brought closer to each other, this will allow helix II-helix I contact (as described in this paper), which occurs in a cyclic manner between neighboring N protein molecules, completing trimer formation. The cryoelectron microscopic analysis of recombinant N protein after class averaging FIG. 6 . Three-dimensional model of an N protein trimer reconstructed from electron micrographs of a negatively stained sample. The recombinant N protein (9) was applied to carbon film-coated 300-or 400-mesh Au grids (Quantifoil) diluted, i.e., floated in sequence in 1% uranyl acetate and negatively stained. Electron microscopic pictures were collected at ϫ50,000 at 80 kV with a Jeol 1200EX microscope, and negatives were scanned at 4,000 dots per inch (Nikon LS-8000 ED). For picking projections (Ϸ38,000) of proteins from electron micrographs, the random extensive sampling method was used (6, 14) when distinct particles were difficult or impossible to identify. For making the three-dimensional reconstruction, EMAN was used (18; EMAN web-site, http://ncmi.bcm.tmc.edu/Ϸstevel/EMAN/doc/index.htm) (A). The N protein trimer model showing three monomers (in red, in yellow, and in blue) and their interacting helices (cylinders): coiled-coil motifs in the N-terminal region (above) and the helix-loop-helix in the C-terminal region (bottom). Helices of the same color belong to the same monomer (B). The arrow depicts a possible orientation of the viral RNA.
VOL. 78, 2004
OLIGOMERIZATION OF HANTAVIRUS N PROTEINconfirmed the existence of the trimer (14) . From the side view, contacts were seen at both ends of the molecule. Our first attempt at three-dimensional reconstruction of recombinant N protein by electron microscopy after negative staining shows a trimer with monomers attached to each other at both ends (Fig. 6A) . The dimensions of each monomer are approximately 8 by 3 nm. The N protein forms a curved structure that resembles influenza and rabies virus N protein monomers in the reconstructed three-dimensional models (20, 29) . As the C-terminal interactions of the hantavirus N protein are more dominant than the N-terminal ones, we assume that the bottom end on the figure is the C-terminal end of the protein. Thus, N protein trimerization seems to depend on contacts made by both the N and C termini of the protein (Fig. 6B) .
Hantavirus RNP formation is dependent not only on interactions between the N protein trimers previously bound to the RNA but also on interactions of the trimers with viral RNA. According to the scheme depicted in Fig. 6B , the monomers, interacting via the N-terminal domains, assemble around the viral RNA molecule in such a way that it traverses the cavity in the middle of the trimer. The RNA molecule is not seen in the electron microscopic reconstruction, but it is obviously able to pass horizontally through the cavity (the diameter of the linear, single-stranded RNA is approximately 10 Å ). The middle part of the Hantaan virus N protein has been shown to carry an RNA-binding region (33) . Electron microscopic analysis has been used to visualize the N proteins of influenza A virus and rabies virus (20, 29) . In these studies, small N protein-RNA rings, in which the N proteins are bound to short RNAs, were examined. These structures were more regular and therefore more suitable for three-dimensional structural reconstruction than full-length viral RNPs. Three-dimensional reconstructions of the influenza A virus and rabies virus mini-RNPs showed, for the N protein, a curved structure similar to that of the hantavirus N protein. This suggests a similar mode of assembly for the hantavirus RNPs. Consequently, the hantavirus N protein monomers may show some flexibility in the presence of RNA, allowing the formation of a helical structure, for which the N trimers could serve as intermediates. The pathway for hantavirus RNP assembly in vivo remains largely unknown.
The hantavirus N protein is not the only one that can form trimers in vitro and in vivo; the N proteins of other bunyaviruses, Bunyamwera virus (genus Orthobunyavirus) (23) and Uukuniemi virus (genus Phlebovirus) (R. Petterson, personal communication), have this capacity as well. Although the assembly of helical nucleocapsids of many negative-stranded RNA viruses occurs without defined intermediate structures, in bunyaviruses trimers can act as assembly intermediates during RNP formation. It seems safe to assume that both the overall folding of the N protein and the mode of its trimerization in other bunyaviruses may resemble, at least in some aspects, those of the hantavirus N protein.
Now that we better understand the structural requirements for the homotypic N protein interaction, a structural basis for designing drugs that interfere with the very basic functions of the hantavirus N protein is set. This can also create a moderate optimism about other members of the Bunyaviridae family, which includes more than 300 different viruses, some of which are important pathogens of humans, livestock, and plants.
